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Intense laser pulses have recently emerged as a tool to tune between different orders in complex quantum
materials. Among different light-induced phenomena, transient superconductivity far above the equilibrium
transition temperature in cuprates is particularly attractive. Key to those experiments was the resonant pumping
of specific phonon modes, which was believed to induce superconducting phase coherence by suppressing the
competing orders or modifying the structure slightly. Here, we present a comprehensive study of photo-induced
nonequilibrium response in underdoped YBa2Cu3O6+x. We find that upon photo-excitations, Josephson plasma
edge in superconducting state is initially removed accompanied by quasiparticle excitations, and subsequently
reappears at frequency lower than the static plasma edge within short time. In normal state, an enhancement or
weaker edge-like shape is indeed induced by pump pulses in the reflectance spectrum accompanied by simul-
taneous rises in both real and imaginary parts of conductivity. We compare the pump-induced effects between
near- and mid-infrared excitations and exclude phonon pumping as a scenario for the photo-induced effects
above. We further elaborate the transient responses in normal state are unlikely to be explained by photo-
induced superconductivity.
High-Tc superconducting cuprates (HTSC) are highly
anisotropic materials. The conducting CuO2 layers are sep-
arated by different block layers, leading to less-conducting or
insulator-like c-axis dc and optical responses in normal state.
The low frequency c-axis optical spectra of HTSC are domi-
nated by infrared active phonons with very small contribution
from free carriers. However, when the cuprate system goes
into superconducting state, a very sharp plasma edge suddenly
develops in the c-axis reflectivity spectrum. The plasma edge
is caused by the condensed superfluid carriers via Josephson
tunneling effect, which is referred to as Josephson plasmon
edge (JPE)1–3. Manifestation of such c-axis JPE is taken as an
optical evidence for the occurrence of superconductivity.
Ultrashort pulses now provide unique opportunities to ma-
nipulate different orders and physical properties in complex
electronic materials. An unexpected finding is that intense
ultrafast excitation can induce a Josephson plasma-like edge
and 1/ω-like dependence in imaginary part of conductivity in
normal state of cuprates, which was taken as an indication
of light-induced transient superconductivity. The effect was
first observed notably 5 ps after excitation in a stripe-ordered
cuprate La1.8−xEu0.2SrxCuO4 at 10 K whose Tc is less than 2
K4, then in underdoped YBa2Cu3O6+x (YBCO) at tempera-
ture even above room temperature5,6. In those measurements,
the pump excitation wavelength is tuned to about 15 µm (∼
20 THz) in mid-infrared (MIR) region which is assumed to
be resonant with specific phonon modes of oxygens (e.g. in-
plane Cu-O stretching mode or apical oxygen mode relative
to CuO2 planes). The resonant pumping of specific phonon
mode is believed to be the key to light-induced superconduc-
tivity. The observations also motivated theoretical studies on
transient superconductivity along the direction of the resonant
phonon pumping7–13.
Near-infrared (NIR) pump was also used to investigate
the photoexcitation-induced effect in cuprates. Nicoletti et
al. reported a surprisingly large effect on La2−xBaxCuO4
(x=0.115): a blue shift of JPE with even enhanced edge am-
plitude when T<Tc, and a light-induced edge when T>Tc
in the stripe ordered state whose amplitude is comparable
with that seen in the equilibrium superconducting state14,15.
Significant NIR pump-induced effect was recently also ob-
served in time-resolved THz measurement on other com-
positions of La1−xAxCuO4 (A=Ba, Sr) and electron-doped
Pr1−xLaCexCuO416–20. Those results are notably differ-
ent from the above reports on La1.8−xEu0.2SrxCuO44 and
YBa2Cu3O6.55,6, where the relative change of reflectivity is
less than 20% even after taking the penetration depth mis-
match into account. Nonetheless, up to now there is no report
about c-axis terahertz measurement on YBCO driven by NIR
pulse excitations.
Aiming at addressing two critical issues on photo-induced
effect in YBCO, that is, whether phonon pumping is essen-
tial in inducing the effect, and whether the induced edge-
like shape in reflectance spectrum and 1/ω-like dependence
in imaginary part of conductivity could be unambiguously at-
tributed to transient superconductivity, here we present a com-
prehensive NIR and MIR pump, c-axis terahertz probe mea-
surement on underdoped YBCO superconductors. First, we
investigate respectively the non-equilibrium states after NIR
excitations below and above Tc, which suggest a strong deple-
tion of superconducting condensate and significant increase
of quasiparticles, respectively. Secondly, we show that sim-
ilar transient responses are detected after tuning the pump to
be resonant with the phonon near 650 cm−1 . We elaborate
that the present study does not favor positive answers to those
questions above.
Details of sample growth and spectral measurements are
presented in Supplemental Material? . Figure G1 (a) shows
the temperature dependent magnetization data for the two
crystals measured under the magnetic field of 50 Oe in a
Quantum Design Physical Property Measurement System.
They show sharp superconducting transition temperature at Tc
= 55 K (x = 0.55) and 35 K (x = 0.45), respectively. Figure
G1 (b) presents the broadband reflectivity spectra R(ω) of the
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FIG. 1. Sample characterization and broadband reflectivity spec-
tra along c-axis in equilibrium state. (a) Temperature dependent
magnetization measurements. (b) Out-of-plane reflectance spectra
of YBCO are governed by phonons in FIR region. In superconduct-
ing states, sharp Josephson plasmon edges show up in THz regime.
Dashed lines are the low-frequency extrapolations used for Kramers-
Kronig transformation. The grey shaded areas show the energy scale
and spectral range of pump pluses. (c)-(d) The colored thick lines
show the real and imaginary parts of conductivity in x=0.55 at 60
and 300K. The black and grey thin lines show the fitting results of
Drude-Lorentz model. (e)-(f) Reflected THz electric field in time
and frequency domain measured by a time-domain THz spectroscopy
system, whose measurement range is plotted as a shaded area in (b)-
(d).
two samples along c-axis at three different temperatures: 5
K, just above Tc and 300 K, which are measured by Fourier
transform infrared (FTIR) spectrometers in combination with
a time domain THz spectroscopy system (details are presented
in Supplemental Material? ).
Similar to the previous results on underdoped YBCO21,22,
the out-of-plane reflectivities are dominated by phonons in
far-infrared (FIR) region. Among all those phonons, the one
locates near 650 cm−1 , assigned as an A2u mode involving the
bonds between apical oxgens and copper atoms23, has been
drawing much attention for it may be related to the enhance-
ment of superconductivity in YBCO24. Below 85 cm−1 , the
reflectivity becomes smooth. An upward curvature suggests
presence of free carrier contribution in normal state. The
x=0.55 sample apparently has higher reflectivity and shows
stronger upward curvature at very low frequency. With in-
creasing temperature, one can also observe an increase of low
energy reflectivity. On the other hand, in superconducting
state, sharp JPEs develop with reflectivity minimums locating
at 40 cm−1 for x=0.55 and 22.4 cm−1 for x=0.45, respectively.
Figure G1 (c) and (d) show the real and imaginary parts of
conductivity below 550 cm−1 , derived from Kramers-Kronig
transformation of broadband reflectivity, for x=0.55 sample at
60 K and 300 K in normal state, respectively. An increase of
low frequency spectral weight in σ1(ω) from 60 K to 300 K is
clearly observed, suggesting increased contribution from free
carriers. The result is consistent with the change of reflectiv-
ity mentioned above. Concurrently, σ2(ω) in low frequency
shows an enhancement, as displayed in the inset of Fig. G1
(d). The thin black and grey lines are fitting curves which we
shall explain in the discussion part.
Figure G1 (e) shows the waveforms from time-domain THz
measurements on x=0.55 sample at two different tempera-
tures. Figure G1 (f) shows the Fourier transformation of the
THz electric field. The oscillations observed in time-domain
at 5 K lead to a strong dip feature at 40 cm−1 in frequency do-
main, which is in good agreement with the JPE dip observed
in FTIR reflectance measurements.
In our pump-probe experiments, two selective pump wave-
length, as indicated by grey shaded areas in Fig. G1 (b), are
used to interrogate the pump-induced change in THz regime.
MIR pump pulses are tuned to 15 µm (667 cm−1 ) being res-
onant with the phonon near 650 cm−1 , and NIR pump pulses
are set to 1.28 µm (7810 cm−1 ) whose energy scale is notably
higher than all the phonons and collective modes in YBCO.
We now present NIR pump-induced change in THz regime
in superconducting state first. Because the two samples ex-
hibit qualitatively the same behaviors, we show only the data
collected on x=0.55 sample in the main text, while the whole
set of data on x=0.45 sample are available in Supplemen-
tal Material? . Figure G2 (a) displays the decay procedure
of the maximum absolute value of pump-induced change,
|∆Emax|/Epeak, after excitation at 1.28 µm by a fluence of 1
mJ/cm2 (peak electric filed of ∼3.9 MV/cm). We define the
time zero at the position where |∆Emax|/Epeak starts to change.
Roughly a 7% maximum relative change is seen at 3 ps after
excitation. The signal decays to ∼37% of the maximum signal
within 40 ps before reaching a metastable state16,19. Then, the
pump-induced relative change ∆E(t, τ)/Epeak at time delay τ
in superconducting state could be measured by fixing the THz
gate line at the fixed delay time τ. The methods for determin-
ing the phase of ∆E(t, τ) relative to static E(t) are presented in
Supplemental Material? . Figure G2 (b) shows ∆E(t, τ)/Epeak
at two representative delay time τ = 3 ps and 40 ps. The ampli-
tudes of Fourier transformation of ∆E(t, τ), i.e. |∆E(ω, τ)|, are
displayed in Fig. G2 (c). |∆E(ω, τ)| behaves quite differently
compared with the static reflected electric field of THz |E0(ω)|
(plotted in grey lines). The oscillations of pump-induced THz
signal ∆E(t, τ)/Epeak in time domain with an oscillation pe-
riod of ∼0.85 ps give a pronounced peak near 40 cm−1 in fre-
quency domain |∆E(ω, τ)|, suggesting that the pump-induced
change occurs predominantly near the static JPE position.
A multilayer model is used to obtain the authentic pump-
induced change of optical properties, which is disguised by
the non-negligible mismatch of the penetration depth of pump
and probe pulses. The detailed calculation method and ratio-
nality of the model are presented in Supplemental Material? .
All the transient optical constants shown below are calcu-
lated with the multilayer model. It deserves to remark that,
although the static electric field |E0(ω)| has sufficiently high
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FIG. 2. Pump-induced changes after excitation of 1.28 µm at 5 K. (a) the decay procedure of |∆Emax|/Epeak after excited by a fluence of 1
mJ/cm2 (peak electric filed of ∼3.9 MV/cm). Epeak is the maximum value of E0(t) at static position. (b) the pump-induced relative change
∆E(t, τ)/Epeak in time domain at 3 ps and 40 ps. (c) Fourier transformed spectrum of ∆E(t, τ). Grey lines is the Fourier transformation of
static reflected electric field divided by a coefficient. (d) transient reflectivity R(ω, τ) (e) real part of conductivity σ1(ω, τ) (f) imaginary part of
conductivity σ2(ω, τ). Some portions are plotted in color-fading dots for light-induced measurement signal there has almost vanishing spectral
weight, which makes those calculated data points unreliable. Optical constants in static state are plotted in grey lines.
signal down to less than 10 cm−1 , the pump-induced sig-
nal of |∆E(ω, τ)| in superconducting state changes predomi-
nantly near JPE and only has vanishing spectral weight be-
low 18 cm−1 depending on time delays (see Fig. G2 (c)),
which makes the calculated optical constants dubious below
18 cm−1 . We distinguish those data from others with color-
fading dots in Fig. G2.
Figure G2 (d) shows the transient reflectivity at selective
time delays. The NIR excitations dramatically change the low
frequency c-axis response. Even before reaching the maxi-
mum pump-probe signal, e.g. at the time delay τ=1.1 and 1.5
ps, reflectivity near JPE are strongly modified: the reflectivity
values below static JPE are suppressed and that above JPE en-
hanced. The observations indicate a breakdown of Josephson
tunneling along c-axis and development of quasiparticle exci-
tations. At the maximum position of pump-induced signal, i.e.
at 3 ps, a small edge re-appears at lower energy scale. Then
the edge gets sharper at subsequent time delays and shifts to-
wards static JPE at higher energy scale. This procedure re-
flects the recovery of Josephson tunneling after excitation.
The depression/recovery procedure of Josephson plasmon
mode and quasiparticle excitations can be seen more clearly in
real and imaginary parts of conductivity, i.e. σ1(ω) and σ2(ω)
respectively. In static state, the values of σ1(ω) along c-axis
are rather low, which is shown as the grey lines in Fig. G2
(e). Upon NIR excitations, the low frequency spectral weight
develops in σ1(ω), which reflects pump-induced quasiparti-
cle excitations. The quasiparticle spectral weight increases
sharply upon initial pumping, reaches maximum at the time
delay close to the maximum signal, and then decreases at sub-
sequent time delays. Meanwhile, σ2(ω) deviates quickly from
that in static state which roughly follows 1/ω dependence aris-
ing from the superconducting condensate, as shown in Fig.
G2 (f). The deviation becomes most prominent at the time
delay near the maximum pumping signal, then gets smaller at
further time delays. Those results strongly suggest that super-
conducting condensate is heavily disturbed or destroyed upon
NIR pumping and gradually recovered with time delays.
Figure G3 summarizes the NIR pump-induced change after
the excitation at 1.28 µm by a fluence of 2 mJ/cm2 (peak elec-
tric filed of ∼5.5 MV/cm) at the temperature of 60 K. Three
representative time delays shown in Fig. G3 (a) will be dis-
cussed. The middle panel of Fig. G3 (b) shows the measured
pump-induced change ∆E(t, τ) at 1.5 ps, which represents the
maximum photo-induced response in normal state. The up-
per and lower panels show ∆E(t, τ) at 0.65 ps and 3 ps, which
locate at half of maximum position of the rise and decay pro-
cedures, respectively. According to the raw experimental data
in Fig. G3 (a) and (b), there are essentially three differences
in normal state compared with that in superconducting state.
Firstly, the rise and decay time of |∆Emax|/Epeak are relatively
short in normal phase as shown in Fig. G3 (a). Secondly, the
pump-induced change of reflected electric field is significantly
smaller in normal phase compared with that in superconduct-
ing state. Thirdly, the damped oscillations with an oscillation
period of ∼0.85 ps observed in superconducting state at 5 K
disappears completely in the pump-induced change ∆E(t, τ)
, and the time duration of ∆E(t, τ) is within 3 ps in normal
phase, as shown in Fig. G3 (b). Figure G3 (c) shows the
amplitude of Fourier transformation of ∆E(t, τ), which cov-
ers nearly all the THz regime generated in our experiments.
∆E(t, τ) is multiplied by a Blackman window function before
doing Fourier transformation to reduce the noise effect, which
will not affect the calculated transient optical constants.
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FIG. 3. Pump-induced changes after excitation at 1.28 µm by a fluence of 2 mJ/cm2 (peak electric filed of ∼5.5 MV/cm) in normal state. (a)
the decay procedure of |∆Emax|/Epeak at 60 K is plotted in a solid line. Three representative time delays are labeled in colored triangles. The
decay procedure profile at 5 K is plotted in a dashed line for comparison. (b) the pump-induced relative change ∆E(t, τ)/Epeak in time domain
at three different time delays. (c) Fourier transformed spectrum of ∆E(t, τ). Grey lines is Fourier transformation of static reflected electric
field divided by a coefficient. (d)-(f) transient reflectivity R(ω, τ), real part of conductivity σ1(ω, τ), imaginary part of conductivity σ2(ω, τ),
respectively. The colored dots are experimental data and the black lines are fitting curves. Optical constants in static state are plotted in grey
lines.
Figure G3 (d) (e) and (f) present the transient optical con-
stants calculated with the multilayer model at the three time
delays. For all those three time delays after excitation, a slight
enhancement of reflectivity can be observed. At 0.65 ps, the
enhancement at lower frequency dominates more than that at
higher. At the maximum pump-induced response position, 1.5
ps, transient reflectivity ascends collectively. Then the reflec-
tivity turns to decay, as seen at 3 ps. Enhancement of low
frequency reflectivity usually reflects enhanced contribution
from free carriers, which is also supported by simultaneous
rise of σ1(ω) and σ2(ω). It indicates that the NIR pump pulses
turn to result in quasiparticle excitations. We shall address this
issue further in the discussion part. The fitting curves depicted
in Fig. G3 (d) (e) and (f) will also be explained there.
We also perform MIR pump-THz probe experiments on
YBCO in superconducting and normal states as shown in Fig.
G4, in which the MIR pump pulses are tuned to 15 µm and
resonant with the apical-oxygen-related phonon mode. The
MIR pump is at a fluence of 1 mJ/cm2 and the peak elec-
tric field is ∼1.5 MV/cm. In both superconducting and nor-
mal state, the sample exhibits similar rise and decay proce-
dures of |∆Emax|/Epeak after the excitation by MIR (Fig. G4
(a)) and NIR (Fig. G3 (a)) pump pulses, though the decay
of |∆Emax|/Epeak after MIR excitation appears more signifi-
cant. Figure G4 (b) shows the waveform of pump-induced
change of reflected THz electric field at maximum response
position, τ=3 ps, in superconducting state (T=5 K). Figure
G4 (c) (d) and (e) show the calculated transient optical con-
stants, R(ω, τ), σ1(ω, τ), σ2(ω, τ), using the above mentioned
multilayer model. The transient responses by NIR excitations
at same fluence and same time delay are also shown in those
panels as dashed lines for comparison. Similar to NIR pump
pulses, in superconducting state, MIR pulses also turn to re-
move JPE upon exciting and then drive YBCO into a state
with JPE at lower energy scale together with some spectral
weight increase arising from excited quasiparticles. Figure
G4 (f)-(i) show the transient responses at time delay τ=1.5
ps by MIR excitations in normal state (60 K), together with
those by NIR excitations. We find that MIR excitations also
lead to an increase of reflectivity and enhancement in both
real and imaginary parts of conductivity, implying quasipar-
ticle excitations. Although the pump-induced changes after
NIR excitations (dashed lines in Fig. G4 (d) and (e)) are more
significant than that after MIR pump, there is no essential dif-
ference between those two transient responses, as seen in Fig.
G4.
Below we will make a brief comparison between the
present experimental results with others reported in Ref.
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FIG. 4. Comparison between the pump-induced effects after the
excitation of 15 µm (solid lines) and 1.28 µm (dashed lines) pulses
at 1 mJ/cm2. (a) the decay procedure of |∆Emax|/Epeak at 5 K and
60 K. (b) the pump-induced change of THz electric field at 5 K in
time domain. (c)-(e) transient optical constants, R(ω, τ), σ1(ω, τ),
σ2(ω, τ) at 5 K. (f) the pump-induced change of THz electric field at
60 K in time domain. (g)-(i) the transient optical constants at 60 K in
normal state. Grey lines are the optical constants in the equilibrium
state.
5,6,25. In superconduting state, the transient reflectivities at
1.1 ps and 1.5 ps are close to the reported results after excited
by 15 µm (MIR) at the fluence of 4 mJ/cm2 and peak elec-
tric field of ∼3 MV/cm (see Fig. 5j in Ref. 6). Both of those
measurements show that the transient reflectivity is a gentle
slope with a dip near the static JPE in superconducting state,
which denotes a depletion of superconducting condensate and
excitation of quasiparticles here. However, the observed fea-
ture was interpreted as the static JPE being fixed accompa-
nied by a weak new edge appearing at higher energy scale5,6.
In order to explain the edge appearing at higher energy, they
assumed non-homogeneous excitations in the pumped regime
even after considering the penetration depth mismatch. They
claimed the superconductivity in a great portion (80%) of the
pumped volume stays unaffected with that in a small portion
(20%) being enhanced (see Fig. FS3.1 in supplementary in-
formation of Ref. 6). That explanation cannot be supported
by our experiments. In fact, the spectral shape of transient
reflectivity at any time delay presented here could not be re-
produced by a combination of two different Josephson plasma
edges with different volume fractions. Furthermore, the tran-
sient reflectivity at subsequent time depicts a re-emergence
and recovery procedure of the static JPE, which indicates that
suppression of the static JPE upon excitations is a more plau-
sible explanation. Our result reveals that the Bruggeman’s ef-
fective medium model is not applicable in the superconduct-
ing state. A recent report posted on arXiv by Liu et al.25 con-
firms the spectral shape we observed in superconducting state
when they use similar MIR pump fluence at 1.5 mJ/cm2 (peak
electric field at ∼1.4 MV/cm), indicating a depletion of su-
perconducting condensate. However, when they increase the
MIR pump to higher fluence of 8 mJ/cm2 and peak electric
field of ∼3 MV/cm (see Fig. S8 in supplementary informa-
tion of Ref. 25), they observe a transient increase in super-
fluid density in superconducting state. We remark that we
could not make a comparison on MIR regime due to the lim-
itation on MIR pump fluence in our experiments. Neverthe-
less, we performed measurement with NIR (1.28 µm) excita-
tion at higher fluence of 6 mJ/cm2 (peak electric field of ∼9.5
MV/cm) in both superconducting and normal state, in which
the peak electric field is much higher than other reports on
YBCO. Rather than an enhancement/emergence of supercon-
ductivity, the results still indicate superconductivity depletion
and quasiparticle excitations after strong NIR pump. Details
can be found in Supplemental Material? .
The present work enables us to address two crucial issues
with respect to the photo-induced transient superconductiv-
ity. The first one is whether or not phonon resonant pump is
essential for the photo-induced effect? In the last few years,
mode-selective optical control became particularly attractive
because it is argued based on the MIR pump that the co-
herent excitation of certain phonon mode can suppress the
charge order and simultaneously enhance superconductivity
in cuprates. It has motivated many theoretical studies in this
direction7–13. Since we find qualitatively the same effect by
NIR and MIR pump, phonon resonant pump could be es-
sentially ruled out. Following our work, the recent results
by Liu et al. also indicate that NIR pump pulses behave in
a similar fashion and have significant photoexcitation effect
on YBCO25. Moreover, we shall emphasize that the calcu-
lated transient optical constants using the multilayer model
are quite sensitive to the estimated penetration depth of pump
pulses. The pump-induced change turns to get more signif-
icant when the penetration depth of pump pulses gets more
inconspicuous compared with that of probe one (find in Sup-
plemental Material? ). At the phonon mode position, the pen-
etration depth gets to a minimum and changes quickly when
tuning frequency deviated from the phonon, which could lead
to a maximum photo-induced effects even when raw experi-
mental data ∆E(t, τ)/Epeak are nearly the same.
The second important issue is whether or not the observed
phenomenon in normal state could be attributed to photo-
induced transient superconductivity? We shall address this
issue from the pump-induced change in both transient R(ω)
and transient σ2(ω). Our measurement indeed confirms the
presence of photo-induced enhancement in transient R(ω, τ)
(or edge-like upturn in ∆R/R (see Supplemental Material?
for data on x=0.45 sample)) by both NIR and MIR excita-
tions. However, the enhancement or edge-like shape is rather
weak in the calculated reflectance (Fig. G3 (d)). The results
are similar to the data reported previously5,6,26. However, the
interpretation of the transient enhancement as the emergence
6of a new Josephson plasma edge relies on the analysis based
on non-homogeneous excitations, even after taking the pen-
etration depth mismatch of pump and probe pulses into ac-
count. A quantitative fit yields roughly 20% of volume frac-
tion in the pumped regime being transformed into transient
superconducting component and contributed to the edge like
upturn6. We elaborated above that our measurement results
are not compatible with the non-homogeneous excitations in
superconducting state, then there is no reason that the non-
homogeneous excitations could be present in normal state. On
this basis, we can not attribute the observed enhancement or
edge-like shape to the transient superconductivity which gives
rise to a JPE in normal state.
We now discuss the transient enhancement in the imagi-
nary part of conductivity. The superconductivity-related re-
sponse manifests naturally in the complex conductivity. At
zero temperature, the real part of conductivity of a supercon-
ductor is condensed into a delta function at zero frequency,
and by Kramers-Kronig transformation, the imaginary part of
conductivity goes as 1/ω dependence:
σ(ω) = σ1(ω) + iσ2(ω) =
ω2ps
8
δ(0) + i
ω2ps
4piω
, (1)
where ω2ps is the condensed plasma frequency and related to
London penetration depth by ω2ps = 1/λ
2
L. According to this
equation, the 1/ω dependence in σ2(ω) could be taken as an
indication of superconductivity, and the 4piω · σ2(ω) at zero
frequency limit could be used to estimate the superconduct-
ing condensate or London penetration depth. Recently, 1/ω
dependence observed in transient σ2(ω) was widely taken to
be another evidence for the photo-induced transient supercon-
ductivity in literature5,6,14,18,25–27. We would like to remark
that the observation of 1/ω dependence in σ2(ω) within a
very limited range of frequency is not a sufficient condition
for the identification of superconductivity. When a compound
changes from normal state to superconducting state, the low
frequency spectral weight in σ1(ω) must be reduced due to
the condensate to the delta function at zero frequency. The
missing spectral weight in σ1(ω) can also be used to derive
the superconducting condensate:
ω2ps = 8
∫ ∞
0
[σ1(ω,T > Tc) − σ1(ω,T  Tc)]dω. (2)
Indeed, a loss of low-frequency spectral weight in σ1(ω) has
always been observed in cuprate superconductors across the
superconducting transitions in the equilibrium state, including
measurements polarized along the c-axis28. However, this was
not the case for the above mentioned works on laser-induced
response in normal state5,6,14,18,25–27. In those works, when
a 1/ω dependence or an upward increase with decreasing fre-
quency was identified in σ2(ω), the low-frequency σ1(ω) does
not drop compared with the values in the static state. In-
stead, the low-frequency spectral weight of σ1(ω) still shows
an increase. The simultaneous enhancement in both transient
σ2(ω) and σ1(ω) is in contradiction to superconducting con-
densate.
As a matter of fact, even for a simple Drude response,
the imaginary part of conductivity σ2(ω) could show approx-
imately a 1/ω dependence if ω  1/τ (1/τ can be con-
sidered as a scattering rate). σ2(ω) starts to decrease only
when ω becomes smaller than 1/τ. When the scattering
rate is very small, it becomes hard to distinguish between a
Drude response and a superconducting response solely from
the frequency dependence of σ2(ω) in the very limited THz
measurement frequency range. As shown in Fig. G1 (b),
the reflectivities of the two samples in normal state are not
completely flat but show a clear increase feature at low fre-
quency limit, implying the presence of free carrier contri-
bution to the c-axis optical response. The free carrier con-
tribution increases with increasing doping levels as reflected
in the two samples. Actually, in earlier study on the c-
axis charge dynamics on La1−xSrxCuO4, the c-axis reflectance
shows clearly upturn feature in THz regime upon increas-
ing doping and temperature2. Similar changes were also ob-
served for YBCO21,22. It is well known that, for cuprate
superconductors, the charge conduction along the c-axis is
rather complex, which involves oxygen bonding with virtual
Cu 4s orbitals29–31. The c-axis hopping integral is strongly in-
plane momentum dependent, being zero at nodal direction and
maximum at the antinodal direction for the simple tetragonal
cuprate system. Furthermore, the scattering rates of charge
carriers contributing to the c-axis conductivity could be dif-
ferent at different region of the Fermi surface or Fermi arc.
The presence of Cu-O chains in YBCO further complicates
the conduction. Therefore, it is not expected that the quasipar-
ticle contribution to the c-axis conductivity could be well ex-
plained by a simple Drude response. Nonetheless, the Drude
response picture can still be used to explain the trend of low-
frequency optical data contributed from the quasiparticles.
To analyze the low-frequency Drude-like increase feature
in R(ω) and compare all optical constants in both equilib-
rium and non-equilibrium state more quantitatively, we try to
fit R(ω), σ1(ω) and σ2(ω) simultaneously by using a Drude-
Lorentz model
(ω) = ∞ −
∑
i=1
ω2pi
ω2 + iω/τi
+
∑
j=1
S 2je
iθ j
ω2j − ω2 − iω/τ j
. (3)
We find that the low frequency optical constants could be
well reproduced simply by using two Drude components and
a number of Lorents components for phonon peaks. As an
example, Fig. G1 (c) and (d) shows the Drude-Lorentz fit
to the frequency dependence of σ1(ω) and σ2(ω) in equi-
librium state for x=0.55 crystal at 60 K and 300 K in far-
infrared region, respectively. In the inset of Fig. G1 (d), we
show the enlarged part of σ2(ω) at low frequency, an enhance-
ment of σ2(ω) is seen simply at elevated temperature. We
also find that the transient optical constants after excitations
at 60 K in Fig.G3 (d), (e) and (f), and even increasing the
pump fluence to 6 mJ/cm2 with the peak electric field being
∼9.5 MV/cm (shown in Supplemental Material? ), could be
approximatel reproduced simultaneously by the model with
enhanced plasma frequencies and slightly reduced scattering
rates of Drude components. Although the fitting parameters
7(shown in Supplemental Material? ) may only reflect the trend
of free carrier evolution for the reasons mentioned above, the
fitting clearly illustrates that the upward increase or a 1/ω-
like behavior in σ2(ω) in the very narrow measured frequency
range could not be uniquely explained by the transient su-
perconductivity. Quasiparticle excitations offers an alterna-
tive way to explain the observed phenomenon, which could
be similar with the results of some single-color pump-probe
experiments32–34.
We emphasize that, the optical constants, i.e. the enhance-
ment in R(ω) or simultaneously inσ1(ω) andσ2(ω), after NIR
or MIR excitations evolve in a way very similar to the increase
of doping level or even increase of temperature, it is thus rea-
sonable to attribute the effect to the contribution of photoex-
cited quasiparticles. We would like to point out that, in early
studies, the quasiparticle scattering rate along the c-axis was
believed to be very large, for the conductivity is very small.
Since we observe clear Drude-like increase of upturn of R(ω)
at very low frequency in the equilibrium state, it turns out that
the normally assumed very large scattering rate may not be
true. This issue should be further studied.
In summary, we observe a strong pump-induced spectral
change in terahertz frequency, predominantly near the energy
scale of Josephson plasmon edge below Tc. The edge is al-
most removed upon initial photo-excitations, indicating a col-
lapse of superconducting condensate. After a short time delay
we observe the reappearance of a JPE at frequency lower than
the static JPE, whose feature becomes more pronounced and
shifts slightly to higher energy scale with time delay envolv-
ing. Meanwhile, quasiparticle excitations develop and con-
tribute to the spectral weight in the real part of conductivity.
Above Tc, a much smaller pump-induced effect is detected.
An enhancement or weak edge-like shape develops in the re-
flectance spectrum, which also results in an increase of both
real and imaginary parts of conductivity. In addition, we find
very different time scales for achieving the maximum pump-
probe signal between T<Tc and T>Tc. We elaborate that
pump-induced effect above Tc is unlikely to be explained by
photo-induced transient superconductivity. In addition, there
is no substantial difference between the near- and mid-infrared
pump cases both in superconducting and normal state, which
indicates that phonon resonant pump as a scenario for the
photo-excitation effect can be excluded.
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9Appendix A: Experimental Method
High-quality single crystals of YBa2Cu3O7−δ (YBCO)
were grown by the topseeded solution growth polythermal
method using 3BaO-5CuO solvent with size up to 10 mm×10
mm×6 mm35. Two small pieces of single crystal were cut
from the big crystal with size about 5 mm×3 mm×2.5 mm.
The one was annealed in flowing nitrogen at 520◦ for 3 weeks,
and the other in flowing argon-oxygen mixture gas at 680◦
for 3 weeks. The resulting crystals show sharp superconduct-
ing transition temperature near 35 K and 55 K as shown in
Fig. 1 (a), which indicates that oxygen content of the sam-
ples used for optical measurements are roughly about 6.45 and
6.5536,37. Those two samples are abbreviated to YBCO6.45
and YBCO6.55, respectively.
The optical reflectance spectra along c-axis from far-
infrared (FIR) to ultraviolet region (15 - 40000 cm−1 ) were
measured by Fourier transform infrared spectrometers (FTIR)
(Bruker 113v and Vertex 80v) using a in-situ gold and alu-
minum overcoating technique. Limited by the signal-noise
ratio (SNR) of FTIR spectrometers at low frequency, the harsh
raw experimental data in the Terahertz (THz) regime can
hardly be used for the calculation of transient optical constants
with the multilayer model presented in Appendix E. Figure
A1 shows the raw data at two representative temperatures in
black solid lines as examples. A fitting model (presented in
Appendix F) is used for fitting the reflectivity in THz regime
(shaded area in Fig. A1) and generating the low-frequency
explorations (dashed lines in Fig. A1). With those reasonable
fittings and extrapolations combining the measured data at
higher energy scale (colored thin lines), all optical constants in
such a broad range can be obtained through Kramers-Kronig
transformation.
The equilibrium and photoexcitation induced change of c-
axis reflectivity ranging from 10 to 85 cm−1 were measured by
a time-domain THz spectroscopy system, constructed based
on an amplified Ti:sapphire laser system with the pulse du-
ration of 35 fs operating at 1 KHz. NIR/MIR pump beam
polarized along c-axis is generated by a two output optical
parametric amplifier seeded by same white light continuum
(two-output OPA). And the THz probe beam is generated and
electro-optic sampling (EOS) by 1-mm-thick ZnTe crystals.
The spot sizes of NIR (MIR) pump and probe beam at the
sample position are ∼1.5 mm (∼1 mm) and 0.63 mm, re-
spectively, which will provide nearly homogeneous excita-
tion. The incident angle of the THz probe beam is 30◦ with
the electric field being perpendicular to the incident plane, i.
e. in transverse electric field configuration.
In the THz system, two motorized linear translation stages
are used to change the relative time delay of optical pump,
THz probe and EOS gate beams. One is on the THz probe
beam and the other on the EOS gate beam. Time-domain
THz profiles at selective delays τ, ∆E(t, τ)/Epeak, are mea-
sured by moving the stage on THz probe beam. Decay pro-
cedure of a specific t of ∆E(t, τ)/Epeak can be measured by
moving both those two stages. The decay procedures reported
in this work is recorded by fixing t at the maximum position
of ∆E(t, τ)/Epeak, i.e., |∆Emax|/Epeak. That measurement con-
figuration assures that the transient responses reflect the au-
thentic light-induced change at a specific time delay τ, and
rules out the inaccuracy of relative phase in THz profile. Two
choppers are used for modulating the THz probe beam (chop-
per I) and the pump beam (chopper II) independently at 377
Hz, which is in favour of high SNR. Static THz reflected elec-
tric field is acquired by using only chopper I to modulate the
THz probe beam and a lock-in amplifier to read out the bal-
anced EOS diodes. The pump-induced signals are acquired
by using only chopper II to modulate pump beam and filtering
the pump-induced signal with a lock-in amplifier.
The MIR pump pulses with stable carrier envelope phase
are generated by difference frequency generation (DFG) with
two signal beams from the two-output OPA on a 1 mm thick
z-cut GaSe crystal. A low-pass filter is used for blocking the
signal pulses after the GaSe crystal. The pulse duration of
MIR pump is ∼350 fs according to EOS. The MIR pump-
induced change disappears when blocking either of the two
signal beams used for DFG, which confirms that the MIR
pump-induced transient change reported here indeed comes
from MIR excitations.
More details about the time-domain THz experimental
setup are presented elsewhere38.
Appendix B: Determination of static optical reflectance
spectrum in low frequency at 5 K
The optical reflectance spectra in normal state along c-axis
of YBCO is almost featureless with only a slight upturn below
100 cm−1 , e.g. R40K(ω) of YBCO6.45, which can by deter-
mined by our FTIR spectrometers going down to the lowest
measurement frequency 15 cm−1 directly, as shown in Fig. 1
(a) and Fig. G1 (a). At 5 K below Tc, in order to measure
Josephson plasmon edge precisely, a THz time-domain spec-
trometer is used. The reflected THz electric field E5K(t) and
E40K(t) (Fig. G1 (b)) are measured by the spectrometer, and
the amplitudes of E˜5K(ω) and E˜40K(ω) can be obtained after
doing Fourier transformation (Fig. G1 (c)). Two different cal-
culation methods are used to maintain the accuracy. The first
method uses this equation:
R5K(ω) =
|E˜5K(ω)|2
|E˜40K(ω)|2
· R40K(ω)
to determine R5K(ω). And the second is based on complex
reflected coefficient r˜(ω):
r˜5K,30◦ (ω) =
E˜5K,30◦ (ω)
E˜40K,30◦ (ω)
· r˜40K,30◦ (ω),
R5K(ω) = |r˜5K,30◦ (ω)|2
where r˜40K,30◦ (ω) is calculated with complex refractive index
obtained by FTIR measurements. In the first method, the de-
termination of R5K(ω) is not sensitive to phase error of re-
flected electric field, which may induced by the warming pro-
cedure from 5 K to 40 K. In the second one, the incident angel
of THz electric field 30◦ is taken into consideration. R5K(ω)
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50 150 200 250 300 350 40010 85 450
0.2
0.4
0.6
0.8
1.0
0.0
 Raw experimental data
 Data for K-K transformation at 60 K 
 Data for K-K transformation at 300 K
R
ef
le
ct
iv
ity
Wavenumber (cm-1)
FIG. A1. Reflectance spectra of YBCO6.55 along c-axis at 60 K and 300 K. The black lines are the raw reflectivity data measured by FTIR
spectrometers, and the colored curves are the reflectivity used for Kramers-Kronig transformation.
calculated with those two methods are almost in coincident
with each other, as shown in Fig. B1. The optical con-
stants at 5 K is obtained by Kramers-Kronig transformation
method, after jointing R5K(ω) measured by THz spectrometer
and FTIR together, in order to avoid the phase sensitivity in
THz reflection geometry.
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FIG. B1. Reflectivity at 5 K determined by two different methods.
Appendix C: Determination of the relative phase
As presented in Appendix A, two choppers work indepen-
dently in the time-domain THz spectroscopy system. So the
relative phase between static reflected electric field E0(t) and
the pump-induced change at selective time delay ∆E(t, τ) is
unable to know directly. To determine the relative phase, we
use the definition of pump-induced change:
∆E(t, τ) = Epumped(t, τ) − E0(t)
where Epumped(t, τ) is measured in the same way as E0(t) but
with pump light shedding on the sample. The relative phase
of ∆E(t, τ) can be determined by that method in supercon-
ducting phase, for the pump-induced signal is large enough.
But for ∆E(t, τ) in normal phase, Epumped(t, τ) − E0(t) may be
disguised by fluctuations at THz peak position.
A double modulation technique is further used for deter-
mining the relative phase of ∆E(t, τ) in normal state of YBCO.
Two choppers is directly triggered by the Ti:sapphire laser
Pulsed laser
f = 1000 Hz
ChopperⅠ
f = 250 Hz
ChopperⅡ
f = 500 Hz
A B C D A B C D
On OFF 
FIG. C1. Schematic diagram of double modulation technique. ”On”
represents the light shedding on the sample and ”Off” means the light
is blocked by the blades of choppers.
system, whose repetition rate is 1 KHz. Pump beam and THz
probe beam are modulated at 250 and 500 Hz respectively by
those choppers. A multichannel high-speed data acquisition
card (DAQ) is used to read out the EOS balanced detectors39.
In that configuration, there will be four different cases (A, B,
C, D) if the phase of the two choppers are correctly set, as
shown in Fig. C1. Signals can be read out by DAQ only in
case A and C, i.e. Epumped(t, τ) and E0(t), every four pulses.
To distinguish those two different signals read out by DAQ,
the phase between chopper I and chopper II should be fixed
using a reference, on which difference between Epumped(t, τ)
and E0(t) is significant enough to be distinguished.
For YBCO at 5 K, the difference between Epumped(t, τ) and
E0(t), i.e. ∆E(t, τ), is over 7% of Epeak, which can be resolved
by the DAQ detection method even the signal to noise ratio is
relatively miserable. According to the results measured by the
lock-in method presented in Appendix A, the phase of chop-
per I and chopper II can be fixed to meet the specific condition
illustrated in Fig. C1. Then, the phase of ∆E(t, τ) in normal
state of YBCO can be determined.
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Appendix D: Multilayer model for Transient Optical Constants
Calculation
The penetration depth of incident light is estimated with d
= 1/ωk in present work, defined as the depth at which the
amplitude of electric field inside the material falling to 1/e
of its original value just beneath the surface. ω = 2pi f , f
is in the unit of wavenumber (cm−1), and k is the imagine
part of complex refractive index obtained by broadband re-
flectivity spectra of YBCO along c-axis after Kramers-Kronig
transformation. The estimated broadband penetration depth
on YBCO6.45 is shown in Fig. D1 (a). Similar curves can
also be obtained on YBCO6.55.
In our pump-probe experiments, two selective wavelength
are used to interrogate the pump-induced change of THz
regime. MIR pump pulses are tuned to 15 µm (667 cm−1 )
and NIR pump pulses to 1.28 µm (7810 cm−1 ). The pen-
etration depths of those two pump pulses are 4 µm and 1.3
µm on YBCO6.45, 3 µm and 0.9 µm on YBCO6.55. In con-
trast, the penetration depth in THz regime are widely greater
than 20 µm and even above. That non-negligible mismatch
of the penetration depth of pump and probe pulses results in
the reflected probe field containing a mixed response of both
pumped and unpumped portions of the compound. In order
to disentangle those two portions and to obtain the authentic
pump-induced change of optical properties, we use a multi-
layer model assuming that unpumped region lies beneath the
pumped region.
When electromagnetic wave, whose wavelength is λ0 in
vacuum, propagates in a non–magnetic layer with a thickness
of z, the characteristic matrix M(z) can be written as
M(z) =
[
cos(k0n˜zcosθ0) − ip˜ sin(k0n˜zcosθ0)
−ip˜sin(k0n˜zcosθ0) cos(k0n˜zcosθ0)
]
,
where θ0 is the angle of incidence and k0 = 2pi/λ0. In a strat-
ified medium as a pile of homogeneous thin films, it is as-
sumed that many homogeneous thin layers with evolving n˜
stack together along the direction of propagation z. If each
layer is thin enough, the characteristic matrix of each layer
can be written as
M j =
[
1 − ip˜ j k0n˜ jδz j cos θ j
−ip˜ jk0n˜ jδz j cos θ j, 1
]
.
The characteristic matrix of the total medium can be written
as a product of the matrices for each layer,
M =
N∏
j=1
M j =
[
1 −ik0B
−ik0A 1
]
, (D1)
where
A =
N∑
j=1
p˜ jn˜ jδz j cos θ j, B =
N∑
j=1
n˜ j
p˜ j
δz j cos θ j.
Detailed formula derivations can be found in Ref. 40.
For the transverse electric field configuration case in our ex-
periments, p˜ j = n˜ jcosθ j. In the multilayer model we used, the
pumped region is assumed as many homogeneous thin lay-
ers stacking together along the direction of propagation, with
the pump-induced change of refractive index of each pumped
layer evolving in exponential decay, n˜(z) = n˜0 + ∆n˜ · e−z/lp ,
where lp is the penetration depth of pump pulses. The expres-
sion for A and B can be rewritten as an integral:
A = −ik0
∫ lp
0
n˜(z)2 cos2 θ(z)dz, B = −ik0
∫ lp
0
dz
Hence the elements of the characteristic matrix are:
m11 = m22 = 1
m12 = −ik0lp
m21 = −ik0lp(n˜20 + 2(1 − e−1)n˜0∆n˜ +
1 − e−2
2
∆n˜2 − sin2θ0)
We denote the vacuum as medium 1, the pumped region
of the material as medium 2, and the unpumped region as
medium 3. The reflection coefficient acquired by time-domain
THz spectroscopy measurements r˜ can be expressed by
r˜ =
(m11 + m12 p˜3)p˜1 − (m21 + m22 p˜3)
(m11 + m12 p˜3)p˜1 + (m21 + m22 p˜3)
where r˜13 is the equilibrium complex reflection coefficient
which can be acquired by FRIT measurements and Kramers-
Kronig transformation, and r˜12 is the pump-induced tran-
sient complex reflection coefficient considering the penetra-
tion depth mismatch which is waiting for the following cal-
culation, p˜1 = cosθ0 and p˜3 =
1−r˜13
1+r˜13
cosθ0. Hence, ∆n˜ can be
solved as an unknown of a quadratic equation shown below
1 − e−2
2
ik0lp · ∆n˜2 + 2(1 − e−1)ik0lpn˜0 · ∆n˜ + (1 − ik0lp p˜3) p˜1 1 − r˜1 + r˜
+(ik0lpn˜20 − ik0lpsin2θ0 − p˜3) = 0.
There may exist two roots for the quadratic equation accord-
ing to the quadratic formula. The way to pick a reasonable
solution is to maintain the real part of n˜′ = n˜0 + ∆n˜ positive,
for the calculated results should keep in line with the defini-
tion of physical quantities.
To check the reasonability of the multilayer model, we now
compare the calculated results with different lp. If the pen-
etration depth mismatch between pump and probe pulses is
neglected, the probed region will be seen as being uniformly
pumped, which is defined as “bulk model”. The transient re-
flectivity can be calculated using the second method in Ap-
pendix B:
r˜′(ω, τ) =
E˜′(ω, τ)
E˜5K(ω)
· r˜5K(ω),
R′(ω, τ) = |r˜′(ω, τ)|2
where E˜′(ω, τ) is the Fourier transformation of E′(t, τ) =
E5K(t) + ∆E(t, τ).
Figure D1 (b) and (c) compare the transient reflectivity cal-
culated with different models and lp, taking the result of the
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FIG. D1. A multilayer model should be used to obtain the authentic pump-induced change of optical properties, for the non-neglecting
penetration depth difference between pump and probe pulse. (a) the penetration depth of incident light on YBCO6.45 estimated by the imagine
part of complex refractive index. (b) the transient reflectivity calculates with bulk model and multilayer model. (c) The pump-induced change
gets weaker when the penetration depth of pump lp gets deeper, and will be in coincident with bulk model if we assume lp is comparable with
the penetration depth of probe pulses.
superconducting state of YBCO 6.45 at 9 ps after the excita-
tion of 1.28 µm pump by a fluence of 1 mJ/cm2 as an exam-
ple. Using bulk model or multilayer model, the pump-induced
change, i.e. reflectivity being suppressed below the static edge
and enhanced at higher energy scale. The pump-induced ef-
fects will get weaker if we assume a deeper penetration of
pump pulses, as shown in Fig. D1 (c). When lp is assumed
to be 100 µm, which is comparable with the penetration depth
of probe, the results calculated using multilayer model seems
nearly the same with that using bulk model. That validates the
application of the multilayer model we use.
Appendix E: Dataset of Higher Pump Fluence
Intense ultrafast laser pulses now provide a new route to
manipulate the structural and electrical properties of a quan-
tum material. Strong electric field of pump pulses seems to
be the key for those manipulations5,25? ? ? . In the measure-
ments reported here, the pulse durations of pump pulses are
50 fs for NIR pump and 350 fs for MIR pump, which makes
it possible to attain sufficient peak electric field without intro-
ducing overwhelming laser-induced heating. In the main text,
the minimum peak electric field of NIR (MIR) pump is 3.9
MV/cm (1.5 MV/cm) although the fluence is only 1 mJ/cm2.
A recent manuscript on arXiv presents a pump-induced de-
pletion of superconduting condensate below Tc with 19.2 THz
pump at a fluence of 1.5 mJ/cm2, and an increase of superfluid
density in superconduting state when increase pump fluence to
8 mJ/cm2 with the peak electric field at 3 MV/cm25. We could
not make a comparison on MIR regime due to the limitation
on MIR pump fluence in our experiments. Here we repeat our
experiments at a higher NIR pump fluence of 6 mJ/cm2 and
peak electric field of ∼9.5 MV/cm in both supercondcting and
normal state as shown in Fig. E1, in which the peak electric
field is much higher than other reports on YBCO.
In superconducting state, similar but more significant light-
induced effects are observed after being excited by higher
pump fluence. As increasing the NIR pump fluence, the
Josephson plasmon edge in R(ω, τ) is suppressed to lower en-
ergy scale as shown in Fig. E1 (a), accompanied by an in-
crease of σ1(ω, τ) as shown in Fig. E1 (b), which indicates a
more severe depletion of superconductivity and notable quasi-
particle excitations. The reduction in σ2(ω, τ) presented in
Fig. E1 (c) also reveals the depletion of superconductivity.
In normal state, R(ω, τ), σ1(ω, τ) and σ2(ω, τ) plotted in
scatters are enhanced simultaneously once increasing pump
fluence, which can still be well reproduced by the Drude-
Lorentz model (solid lines) with enhanced plasma frequencies
of Drude components. The fitting parameters are presented in
Table II.
Appendix F: Fitting Model and Parameters
A Drude-Lorentz model is used for fitting optical constants
in both equilibrium non-equilibrium state. The model are
composed by two Drude components and 13 Lorentz ones,
which are used for depicting out-of-plane charge conduction,
and phonons/pseudogap, respectively,
(ω) = ∞ −
∑
i=1
ω2pi
ω2 + iω/τi
+
∑
j=1
S 2je
iθ j
ω2j − ω2 − iω/τ j
. (F1)
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FIG. E1. Transient reflectivity R(ω, τ), real part of conductivity σ1(ω, τ) and imaginary part of conductivity σ2(ω, τ) after being excited by
NIR pump pulses at a higher NIR pump fluence of 6 mJ/cm2 with the peak electric field at 9.5 MV/cm in superconducting (upper panel) and
normal (lower panel) states.
∞ is taken as 4.5 here for the contribution from ions and high
energy electronic excitations. In the Drude terms, ωpi is plas-
mon frequency being proportional to N/m∗, in which N is the
density of charge carriers and m∗ is the effective mass of car-
riers. In the Lorentz terms, S j is effective plasmon frequency
reflecting the oscillation strengths, θ j is the asymmetric pa-
rameter for Fano phonons41 and ω j is the center frequency of
excitations. 1/τi and 1/τ j is scattering rate of excitations.
The fitting results are plotted in Fig. 1 (c) (d) for equilib-
rium state, Fig. 3 (d)-(f) and Fig. E1 for non-equilibrium
state. Fitting parameters for Drude components are presented
in Table I and Table II.
TABLE I. Fitting parameters of equilibrium state
Temperature (K) ωp1(cm−1) 1/τ1 (cm−1) ωp2(cm−1) 1/τ2 (cm−1)
60 56 60 420 270
300 65 8 550 270
In the static state, a notably small scattering rate 1/τ1 is
used for fitting as increasing temperature, especially at 300
K, which results from the dramatic upturn develops in reflec-
tivity below 90 cm−1 as shown in Fig. 1 (b). Higher plasma
frequencies with adjustable scattering rates are used to repro-
duce the optical constants of photoexcited state. As we have
mentioned in the discussion part, the charge conduction along
c-axis of cuprate superconductors is rather complicated and
not capable of being explained by simple Drude models. Al-
though the Drude-Lorentz model is able to reproduce the op-
tical constants in equilibrium and transient states, the fitting
parameters should be considered to indicate the trend of evo-
lution.
Apart from that, some defects can result from the measuring
range of transient optical constants. In YBCO, the phonons
dominate the c-axis dynamics, which is also the main charac-
ter for parameter fitting. However, the light-induced change
at higher energy scale, especially near phonon positions, is
unknown for the limitation of THz probe beam generated by
ZnTe. As a result, fitting of transient response in THz regime
without any information of phonons is somehow tricky. For
example, the phonon locates near 95 cm−1 at 5 K exhibits an
asymmetric feature, which indicates a carrier-phonon interac-
tion and the asymmetric parameter θ j is non-zero. It can be
anticipated that the phonon will also be changed after excita-
tion, for there are still significant divergences between tran-
sient and static optical constants up to 80 cm−1 , as shown in
Fig. 3 in main text. The transient response of the phonon turn
to expand to THz regime inevitably, which can lead to some
inaccuracy in fitting procedure/parameters.
Appendix G: Dataset of YBCO6.45
We also performed a full set of experiments on YBCO6.45,
and the results are similar with that on YBCO6.55 presented in
the main text in both superconducting and normal state. Here
are all the data collected on YBCO6.45.
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TABLE II. Fitting parameters of non-equilibrium state at 60 K ∗
Pump Fluence (mJ/cm2) Time Delay (ps) ωP1(cm−1) 1/τ1 (cm−1) ωP2(cm−1) 1/τ2 (cm−1)
2 0.65 70 4 490 270
2 1.5 70 10 600 270
2 3 30 10 530 270
6 0.65 85 4 520 270
∗ may only reflect the trend of free carrier evolution for the reasons mentioned in the main text.
FIG. G1. Broadband reflectivity spectra R(ω) of YBa2Cu3O6.45 along c-axis. (a) The out-of-plane reflectance spectra behave in an insulating
manner in normal state and are governed by phonons in FIR region. In superconducting state, Josephson plasmon edge develops near 22.4
cm−1 . (b) reflected THz electric field E0(t) measured by a time domain THz spectroscopy system. (c) amplitude of Fourier transformation of
E0(t), i.e. |E˜0(ω)|. Reflectivity at 5 K in shaded area of (a) can be calculated with those values as presented in Appendix A.
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FIG. G2. Pump-induced changes after excitatiing by 1.28 µm with the fluence of 1 mJ/cm2 at 5 K. (a) the decay procedure of the maximum
value of pump-induced change of the reflected THz electric field, |∆Emax|/Epeak. Epeak is the maximum value of E0(t). (b) the pump induced
relative change ∆E(t, τ)/Epeak in time domain at 3 ps, 9 ps and 40 ps. (c) Fourier transformed spectrum of ∆E(t, τ). Grey lines is the Fourier
transformation of static reflected electric field divided by a coefficient. (d) transient reflectivity R(ω, τ) (e) real part of conductivity, σ1(ω, τ) (f)
imaginary part of conductivity, σ2(ω, τ). Optical constants in static state are plotted in grey lines. In superconducting state, the superconducting
condensate of YBCO6.45 is heavily disturbed or destroyed upon NIR pumping and gradually recovered with time delays, which is exactly the
same with that on YBCO6.55.
(a) (b) (c) (d)
(e) (f) (g) (h)
FIG. G3. Pump-induced changes after excitation at 1.28 µm by a fluence of 3 mJ/cm2 in normal state. (a) the decay procedure of the maximum
value of pump-induced change of the reflected THz electric field, |∆Emax|/Epeak, at 40 K (experimental results are ploted in grey dots, and the
red line is guide for the eyes) and 5 K (black line). (b) the pump-induced relative change ∆E(t, τ)/Epeak in time domain at three different time
delays. (c) the Fourier transformed spectrum of ∆E(t, 1.5ps). Grey lines is the Fourier transformation of static reflected electric field divided
by a coefficient, 60. (d) the transient reflectivity at 1.5 ps. Dashed lines are the static reflectivity at 5 K and 300 K for comparison. (e) there is
a very weak edge-like structure with a minimum (the starting point of upturn) near 60 cm−1 can be observed in the relative change of transient
reflectivity at 40 K, which is slightly different with that on YBCO6.55 with only enhancement of reflectivity being observed. It is widely
known that there are more free carriers in higher doping levels, which results in a higher plasmon edge in reflectivity as shown in Fig. 1 (b). So
it can be concluded that the starting point of upturn on YBCO6.55 may be at higher energy scale and out of the measuring range. (f) transient
real part of conductivity σ1(ω, τ) (g) imaginary part of conductivity σ2(ω, τ) after excitations. Optical constants in static state are plotted in
grey lines. (h) the temperature dependence of pump induced relative change ∆E(t, τ)/Epeak shows that those transient response sustains above
room temperature.
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FIG. G4. Comparison between the pump-induced effects after the excitation of 15 µm and 1.28 µm pulses at 0.3 mJ/cm2 (1 mJ/cm2) at 5 K
(40 K). (a) and (b) the decay procedure of the maximum value of pump-induced change of the reflected THz electric field, |∆Emax|/Epeak at 5
K and 40 K after the excitation of 15 µm and 1.28 µm pulses. (c)-(d) the pump-induced relative change of reflectivity at 5 K. Similar to NIR
pump pulses, MIR pulses also turn to remove Josephson plasmon edge upon exciting and then drive YBCO into a state with the edge at lower
energy scale together with some spectral weight from excited quasiparticles in the superconducting state. (e) the pump-induced change of THz
electric field at 40 K after exciting by 15 µm pump pulses at the fluence of 1 mJ/cm2 in time domain. (f)-(h) the transient optical constants
after excitations by MIR pump pulses at 40 K in the normal state. Grey lines are the optical constants in the equilibrium state. An edge-like
shape and enhancement of conductivity can be seen as the clue for quasiparticle excitations, which is qualitatively the same with that after NIR
excitations
